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In this article, we describe the unique fragmentations of oligodeoxynucleotides (ODNs) whose
phosphate groups are completely depleted of protons and replaced with metal ions. The
production of the ubiquitous [an 2 base] ions still occurs, but no longer by transfer of an acidic
phosphate proton to an adjoining 39 base. Nor is the extent of the reaction determined by the
proton affinity of that base. Rather, the reaction now occurs via a cleavage 39 to both
pyrimidines and purines; cleavage 39 to pyrimidine is more favorable than that 39 to purine.
We also demonstrate that an ODN is more stable in the gas phase when its phosphate groups
are bound to metal ions than when its phosphate groups are attached to hydrogens. This study
also provides further evidence for the ODN fragmentation mechanism that involves H transfer
to a nucleobase. To establish the structural utility of this new fragmentation, we applied it to
distinguishing small ODNs containing a photomodified cis,syn-cyclobutane pyrimidine dimer
from the parent ODNs, a system that cannot be distinguished by collisional activation of
precursor species that do not contain metal ions. (J Am Soc Mass Spectrom 2001, 12,
550–556) © 2001 American Society for Mass Spectrometry
Mass spectrometry (MS) and tandem MS (MS/MS) are now important structure tools inbiology. Although most applications of
MS/MS involve using [M 1 H]1 or [M 2 H]2 ions,
there appears to be complementary structural capabili-
ties when using metal ions [1]. More recent examples of
using metal-ion adduction for the structure determina-
tion of biomolecules underscore the potential. Cerny et
al. [2] found that product-ion spectra of [M 1 H]1 and
[M 1 Met]1 (Met is metal) ions of macrolide antibiotics
gave complementary structural information. Lin et al.
[3] inserted a metal ion into a peptide and used these
species for C-terminal sequencing by multiple-stage
tandem mass spectrometry. Leary and co-workers [4]
demonstrated that tandem mass spectra of cobalt coor-
dinated [M 1 Co 2 H]1 ions of pentasaccharides led to
the determination of linkage positions.
There has been a long interest in sequencing oligode-
oxynucleotides by MS/MS, and successes continue to
be reported in sequencing normal oligodeoxynucleoti-
des (ODNs) [5–10] and determining the structure of
modified ODNs [11–17]. Most workers in the field of
mass spectrometry of ODNs tend to avoid metal ions
because they disperse the ionization and cause a loss of
sensitivity. Nevertheless, there are a few reports of
MS/MS of ODNs attached with single metal ion [5,
18–21]. No efforts, however, have been made to study
the product-ion spectra of ODNs in which all phos-
phates are depleted of ionizable hydrogens.
Previous research from this group demonstrated that
the poor cleavage of thymine (T)-rich ODNs is consis-
tent with a fragmentation mechanism where H1 trans-
fers from the phosphate group to DNA base [9, 17, 22,
23]. This H1 transfer relates directly to the proton
affinities of bases. Because thymine has the lowest
proton affinity of the four DNA bases, cleavage 39 to
thymine is unfavorable [9, 17]. As a consequence, the
product-ion spectra of [M 2 2H]22 of d(GTATTAT)
and a cis,syn-cyclobutane pyrimidine dimer (CPD)-
containing photoproduct, d(GTAT[c,s]TAT), are indis-
tinguishable, preventing the structure determination of
the two isomers by tandem mass spectrometry [17]. It is
desirable, therefore, to find a way to generate fragmen-
tation 39 to thymine for the structure determination of
DNA adducts (i.e., DNA photoproducts and other DNA
modifications formed at thymine sites in ODN).
In this article, we report that an ODN, when its
phosphate groups are completely adducted with metal
ions, undergoes dramatically different fragmentation
than an ODN with its phosphates bound to protons. We
investigated the mechanism, determined its relative
energetics, and compared the preferential cleavage sites
for ODNs whose phosphate groups are completely
adducted with metal ions with those of ODNs that are
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not bonded to metal ions. We also discuss an applica-
tion in structural chemistry of this unique fragmenta-
tion.
Experimental
Oligodeoxynucleotides
ODNs were obtained from Integrated DNA Technolo-
gies (Coralville, IA) and used without further purifica-
tion. ODNs at a concentration of 10–20 mM were
dissolved in doubly distilled water to obtain the prod-
uct-ion spectra of [M 2 2H]22 ions and in 2 mM NaCl,
LiI, KCl, CsI, CaCl2, MgCl2 water solutions to obtain the
product-ion spectra of metal-ion adducted species. We
tested different concentrations of metal ions from 0.5 to
8 mM and found that 2 mM gave the best signal for
complete metal-ion adducted species. The ion signal of
ODN decreased by ;2–3 fold in the presence of 2 mM
metal salts.
ODN d(GTAT[c,s]TAT) was obtained by 254-nm
photolysis of d(GTATTAT) followed by separation with
high-performance liquid chromatography (HPLC) as
described previously [17].
ODN d(TTGT) with all the active hydrogens ex-
changed with deuterons was prepared by incubating 10
nmol of the ODN in 500 mL D2O (100.0% D, Aldrich,
Milwaukee, WI) at room temperature for 8 h. The
solution was then dried by a Savant Speed-vac (Savant
Instruments, Holbrook, NY) and redissolved in 250 mL
of D2O and incubated for 2 h before mass spectrometric
analysis.
Electrospray Mass Spectrometry on an Ion Trap
Instrument
Electrospray ionization (ESI) experiments were done on
an LCQ ion trap mass spectrometer (Finnigan, San Jose,
CA). Normally, a solution of water, acetonitrile, and
ammonia at a ratio of 50:50:0.25 (v/v) was used as the
carrier solvent for electrospray. For the deuterated
sample, however, a solution of 50/50 (v/v) of acetoni-
trile/D2O was used as carrier solvent, and the solvent
delivery line was washed with this solution for 2 h
before injecting the deuterated sample. A 5-mL aliquot
of the sample solution at a concentration of 10–20 mM
was injected in each run by direct infusion.
The spray voltage was 4.6 kV, and the capillary
temperature was maintained at 200 °C. Tandem mass
spectrometry was done by selecting the deprotonated
or the appropriate metal-adducted ions for collisional
activation; the mass width for precursor selection was
set at 2 m/z units for completely deuterated d(TTGT)
and 3 m/z units for other ODNs, and the collision gas
was helium. The resonance excitation voltage for all
experiments was approximately 62% and 42% of the 5 V
peak-to-peak maximum available voltage for singly and
doubly charged species, respectively, or as specified for
obtaining break-down curves. Each spectrum was an
average of approximate 30 scans, and the acquisition
time for each scan was 1000 ms.
Results and Discussion
Product-Ion Spectra of ODNs Attached with Metal
Ions
ODNs with phosphate groups bound to protons show
almost no fragmentation 39 to thymine sites [9, 10, 17].
When the protons on all the phosphates, except those
carrying the charges, are replaced with sodium, how-
ever, the product-ion spectrum shows that a nearly
complete series of sequence ions are produced for both
T-rich and mixed-sequence ODNs. For example, the
product-ion spectra of [M 2 2H]22 and [M 1 5Na 2
7H]22 of d(GGCTATAA) (Figure 1) are dramatically
different. The former gave w3, w5, w6 (w6
22), w7
22 and
[a3 2 C] (C is cytosine), [a5 2 A] (A is adenine), and
[a7 2 A]
22 ions as well as the loss-of-base ions [M 2
A]22 and [M 2 G]22. In contrast, the latter gave [w2 1
Na], [w3 1 2Na], [w4 1 3Na], [w5 1 4Na], [w6 1 5Na],
[w7 1 5Na]
22, [a3 2 C 1 Na], [a4 2 T 1 2Na], [a5 2
A 1 3Na], and [a6 2 T 1 4Na] ions (Figure 1). Com-
plete adduction with metal ions does not change the
bonds to be cleaved in the fragmentation of ODN; that
is, the product-ion spectrum still shows that wn and
[an 2 base] ions are formed. Metal-ion adduction, how-
ever, makes the cleavages at otherwise inert sites (39 to
thymine) possible.
It is important to note that collisional activation of
the [M 1 5Na 2 7H]22 of d(GGCTATAA) produces
[w7 1 5Na]
22 ions, but not [w6 1 5Na]
22 and [a7 2
A 1 5Na]22 ions. The reason for this is the two phos-
phates on the termini presumably carry the negative
Figure 1. Product-ion spectra of ESI-produced [M 2 2H]22 (a)
and [M 1 5Na 2 7H]22 (b) ions of d(GGCTATAA).
551J Am Soc Mass Spectrom 2001, 12, 550–556 ESI MS/MS OF METAL ADDUCTED ODN IONS
charges of the precursor ion. As a result, wn (where n ,
[number of phosphates in the ODN 2 1]) and the [an 2
base] ions can only carry one negative charge. Because
there is a limit of the mass range of the ion-trap mass
spectrometer, this singly charged daughter ion [a7 2
A]2 cannot be observed. The above observations dem-
onstrate that sodium does not move around on the
phosphate backbone during collisional activation,
which is consistent with previous interpretations [18,
21].
Next we wish to know whether other alkali metal
ions and more biologically relevant metal ions like
doubly charged Mg21, Ca21 give similar results. The
incorporation of the doubly charged metal ions may
induce the coordination of the metal ion to phosphate
and to nucleobase or the ribose moiety [20], whereas the
alkali metal ions tend to replace the proton on the
phosphate only. Product-ion spectra of doubly depro-
tonated ions of d(GTATTTA) and d(TATATATA) with
phosphate hydrogens completely replaced with Li1,
K1, Cs1, Mg21, Ca21 gave similar results as those ions
in which the phosphate protons were replaced with
Na1 {Figure 2 shows the product-ion spectra of [M 1
4Na 2 6H]22 and [M 1 2Ca 2 6H]22 ions of d(G-
TATTTA)}. We observe w1, w2, w3, w4, w5, w6
22, and
[a2 2 T], [a3 2 A], [a4 2 T], [a5 2 T], [a6 2 T] in the
product-ion spectra of both [M 1 4Na 2 6H]22 and
[M 1 2Ca 2 6H]22 ions of d(GTATTTA) (Figure 2).
These results show that the unique fragmentation is
independent of the nature of the metal ions.
The above studies show that the fragmentations of
ODNs are dramatically different when their phosphates
are attached completely with metal ions instead of
protons. The proton affinities of DNA bases have a
strong effect on the cleavages of ODN when the phos-
phates are bound with protons [9, 17]. We now ask
what is the preference for cleavage of ODN when there
are no protons on the phosphate backbone? To answer
the question, we obtained the product-ion spectra of
the [M 1 5Na 2 7H]22 ions of d(TATAXATA) and
d(TAXATATA), where X is any of the four possible
DNA bases. To illustrate, we start with the product-
ion spectrum of d(TATATATA). The cleavages 39 to
thymine as represented by production of the ions
[w3 1 2Na], [w5 1 4Na], [w7 1 5Na]
22, [a3 2 T 1
Na], [a5 2 T 1 3Na] are more facile than the cleav-
ages 39 to adenine as represented by the formation of
[w2 1 Na], [w4 1 3Na], [w6 1 5Na], [a4 2 A 1
2Na], [a6 2 A 1 3Na] ions (Figure 3d). The product-
ion spectrum of d(TATAXATA) reveals that cleav-
ages 39 to X as represented by [a5 2 base] and w3 ions
occur more readily when X 5 C, T than when X 5 A,
G (Figure 3a– d). The product-ion spectrum of
d(TAXATATA) gave similar results (data not shown).
In line with the above results, Hettich [20] observed
that in the product-ion spectrum of [M 1 Fe 2 3H]2,
d(AGCT) forms an abundant [a3 2 C 1 Fe] ion,
whereas isomeric d(ACGT) forms an abundant w2
ion, showing that the cleavage 39 to cytosine is more
facile than that 39 to guanine. Collectively, backbone
cleavages 39 to thymine or cytosine are more favor-
able than those 39 to adenine or guanine for ODNs
completely adducted with metal ions.
Figure 2. Product-ion spectra of ESI-produced [M 1 4Na 2
6H]22 (a) and [M 1 2Ca 2 6H]22 (b) ions of d(GTATTTA).
Figure 3. Product-ion spectra of ESI-produced [M 1 5Na 2
7H]22 ions of (a) d(TATACATA), (b) d(TATAGATA), (c)
d(TATAAATA), and (d) d(TATATATA).
552 WANG ET AL. J Am Soc Mass Spectrom 2001, 12, 550–556
Application to Structure Determination of
Photomodified ODN
Because product-ion spectra of ODNs show an almost
complete series of sequence ions when their phosphate
groups are attached completely to metal ions, we expect to
be able to distinguish d(GTAT[c,s]TAT) from
d(GTATTAT) by metal-ion adduction, whereas previ-
ously we were unable to distinguish the two isomers by
the product-ion spectra of their [M 2 2H]22 ions [17]. We,
therefore, obtained product-ion spectra of [M 1 4Na 2
6H]22 ions of d(GTATTAT) and d(GTAT[c,s]TAT) and
found that they are indeed distinctive (Figure 4). The
product-ion spectrum of d(GTATTAT) shows that [a4 2
T 1 2Na], [a5 2 T 1 3Na], and [w3 1 2Na] ions are pro-
duced, whereas d(GTAT[c,s]TAT) does not give these
ions. Furthermore, the latter produces a new [a5 1 3Na]
ion. The cleavage leading to the [a5 1 3Na] ion occurs 39
to the photomodification site. This latter cleavage is char-
acteristic for the product-ion spectra of the [M 2 2H]22
ions of ODNs containing the pyrimidine(6-4)pyrimidone
product and thymine adenine (TA*) photoproduct [17].
Relative Energy Requirements
We expect the energetics for the fragmentation of ODNs
to be different when all the phosphates are adducted
with metal ions than that with protons. To test the
expectation, we obtained break-down curves of the
doubly charged, negative ions of ODNs whose phos-
phate groups were attached with either hydrogens,
metal ions, or both. Others have used E50, the energy
thresholds which allow for 50% of the parent ions to be
fragmented in an ion-trap instrument, to determine the
relative stabilities of complexes in the gas phase [24–
26]. We reason that an analogous E50 can be used to
measure the relative stabilities of gas-phase ions. The
E50’s for the collisionally induced fragmentation of the
[M 1 5Na 2 7H]22 and [M 1 3Mg 2 8H]22 ions of
d(TATATATA) are very similar and significantly
higher than that for the fragmentation of the [M 2
2H]22 ions of d(TATATATA) (Figure 5). The E50’s for
the fragmentation of [M 1 5Li 2 7H]22, [M 1 5K 2
7H]22, and [M 1 3Ca 2 8H]22 ions are also very simi-
lar to each other and to the sodium- and magnesium-
adducted ions (data not shown). This underscores the
idea that ODNs adducted with different metal ions
fragment in a similar manner. The major effect of the
metal ion is to remove the possibility of proton transfer
as the initiating step in ODN fragmentation. Interest-
ingly, the energy threshold for the fragmentation of
[M 1 2Mg 2 6H]22 ion, where the backbone phos-
phates were attached with both H1 and Mg21, is
intermediate between those of [M 2 2H]22 and [M 1
3Mg 2 8H]22 (Figure 5). This is consistent with the
product-ion spectrum of the [M 1 2Mg 2 6H]22 ion,
which showed both types of cleavages, and for these
systems, the proton-affinity directed cleavages are more
facile (data not shown). Clearly, attachment of metal
ions to phosphate groups stabilizes ODNs in the gas
phase and inhibits their fragmentation.
It is interesting to note that there are only seven
phosphate groups in d(TATATATA), whereas eight
hydrogens were lost to form the [M 1 3Mg 2 8H]22
ion. Because the product-ion spectrum of this species
shows more facile cleavage 39 to thymine than 39 to
adenine, which is characteristic of those ions in which
Figure 4. Product-ion spectra of ESI-produced [M 1 4Na 2
6H]22 ions of d(GTATTAT) (a) and d(GTAT[c,s]TAT) (b).
Figure 5. Break-down curve of ESI-produced [M 2 2H]22, [M 1
2Mg 2 6H]22, [M 1 3Mg 2 8H]22, and [M 1 5Na 2 7H]22 ions
of d(TATATATA) as a function of collision energy.
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all the phosphate hydrogens are depleted, one Mg21 ion
can bind to both the phosphate and the nucleobase or
bind to the phosphate only, leaving the molecule as a
zwitterion. The coordination of a metal ion between
phosphate and N7 of adenine is known to exist in
solution [27], and the coordination of iron to both
phosphate and nucleobase has been observed in the gas
phase [20].
Mechanism of Fragmentation of Metal-Adducted
ODNs
From the results reported above, we can propose a
mechanism for the fragmentation of an ODN when its
phosphate groups are completely adducted with metal
ions (Scheme 1). The major difference between this
mechanism and that for ODNs adducted to protons lies
in the process of base loss and strand cleavage. For
ODNs containing protons on the phosphates, the base is
lost after a proton transfer from the phosphate [9, 10, 17,
22, 23]. Phosphate proton transfer is precluded, of
course, when all phosphate protons are replaced with
metal ions. An alternative process can occur by trans-
ferring a hydrogen from the 29 position of the sugar
moiety. Surely the two cleavage pathways have differ-
ent energy thresholds, with the fragmentation of ODN
with protonated phosphates having lower energy re-
quirement as is indicated by the break-down curves in
Figure 5. For the base loss in the absence of phosphate
protons, a concerted reaction can be envisioned for both
pyrimidines (Scheme 2A) and purines (Scheme 2B). The
reason why loss of pyrimidines are more favored than
that of purines can be understood from semiempirical
PM3 calculations, which show loss of purines leads to a
less favorable tautomeric state than loss of pyrimidines.
As a further test of mechanism, we obtained the
product-ion spectrum of d(TTGT) for which all the
exchangeable hydrogens were replaced with deuterons.
Scheme 1
Scheme 2
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For simplicity, we will refer to the analyte as “complete-
ly deuterated ODN.” Negative-ion ESI-MS shows ions
at m/z 1188.2, 1209.2, and 1230.2, which are completely
deuterated ODN adducted with zero, one, and two
sodiums, respectively. (Higher resolving power
“zoom”-scan ESI-MS of ions at m/z 1188.2 and 1230.2
are shown in Figure 6a.) The mass increment is consis-
tent with 10 exchangeable hydrogens in d(TTGT): thy-
mine and guanine each carry one and three active
hydrogens, respectively; two of the three phosphates
and the 59- and 39-hydroxyl carry a total of four addi-
tional active hydrogens. MS/MS of d(TTGT) with back-
bone phosphates bearing deuterons shows that guanine
and thymine are lost as neutrals carrying four and two
deuterons, respectively (Figure 6b), which is consistent
with proton transfer from phosphate groups to the base
(Scheme 1), as discussed extensively in two recent
articles [22, 23].
If the proposed mechanism is correct, we expect
elimination of guanine-d3 and thymine-d1 for com-
pletely deuterated d(TTGT) whose phosphate protons
are completely replaced with sodiums. The results,
however, show that guanine is lost with both three and
four deuterons and thymine is lost with both one and
two deuterons (Figure 3c). We suggest that the addi-
tional deuterium is picked up in a hydrogen/deuterium
scrambling process that occurs prior to departure of the
base. One means for this to occur is via an ion neutral
complex [28–30]. We picture such a complex to involve
a noncovalent interaction between neutral base and the
negative ion ODN. Migration of the base to a site
containing deuterium can be followed by hydrogen/
deuterium exchange, and such exchange was previ-
ously observed in an anion–neutral complex formed in
an ion–molecule reaction [31, 32]. Another possible
mechanism would involve direct migration of a deute-
rium from the terminal hydroxyl group to the base.
Conclusion
By studying ODNs attached with a single sodium,
Favre and co-workers [21] demonstrated that charges
localize on the termini and metal ions in the middle of
an ODN, respectively. With such localization, gas-phase
ODN ions may stabilize themselves by minimizing
coulombic repulsion. In this study, we found that such
localization can be extended to ODNs carrying a metal
ion other than sodium or more than one metal ion.
Replacement of all the phosphate protons with a singly
charged or doubly charged metal ions leads to dramatic
difference in the fragmentation patterns of ODNs in the
negative-ion mode. The proton affinity of base no
longer determines the strand cleavage upon activation;
rather the cleavage is dependent on the class of base:
purine or pyrimidine.
More importantly, this study provides further evi-
dence for the mechanism we proposed early for the
fragmentation of ODNs in which the proton transfer
from the phosphate groups to nucleic acid bases ini-
tiates the fragmentation to give the characteristic [an 2
base] ion [9, 17, 22, 23]. In addition, we have evidence
for a mechanism for the fragmentation of ODNs whose
phosphate groups are completely adducted to metal
ions.
By employing the fragmentation of ODN, all of
whose phosphates are adducted with metal ions, we
developed an alternative, and sometimes necessary,
approach to determine the structures of ODNs. Al-
though the approach is necessary for the structure
determination of UV-induced cis,syn-CPD at thymine-
thymine site, we expect it will be important for the
structure determination of other thymine modifications
in ODNs. We envision that the method will also be
useful for the structure determination of other modified
bases in ODNs especially when the modification de-
creases the proton affinity of an adenine, guanine, or
cytosine, making it comparable to that of thymine. If the
modified base is adjacent to a thymine, we cannot
determine whether the modification is at thymine or the
adjacent base by fragmenting a proton-adducted ODN.
By fragmenting an ODN whose backbone phosphates
are completely adducted with metal ions, however, we
should be able to determine site of modification. The
limitation of the strategy may lie in the difficulty of
generating ODNs completely adducted with metal ions
and the complexity of the product-ion spectra for long
ODNs. The latter, however, is a limitation in the appli-
Figure 6. (a) Higher resolving power “zoom” scans of ESI-
produced ions at m/z 1188.2 and 1230.2; (b) and (c) Product-ion
spectra of ions at m/z 1188.2 and 1230.2.
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cation of MS/MS for the structure determination of
ODNs in general. Furthermore, the limitation can be
overcome by using enzyme (e.g., nuclease P1 [33]) to
degrade a large, modified ODN to a smaller one that
bears the modification and is amenable to MS/MS.
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